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Abstract — We propose two verification methods for
measur ements of noise parameter s of amplifiers, particularly
low-noise amplifiers (LNAs). One method is a direct
measurement of the parameter T,.,, the noise temperature
from the amplifier input, and the comparison of that to the
value derived from the noise-parameter measurement. The
other check involves the measurement of the noise
parameters for the amplifier with an isolator connected to
the input and comparison to the noise parameters of the
amplifier alone. Relationships between the noise parameters
with and without the isolator are given. We demonstrate
both verification methods with measurements on a sample
LNA in the 8 — 12 GHz range. Uncertainties in the noise
parameters are evaluated using a previously developed
Monte Carlo method, and both checks are found to be
satisfied within the uncertainties.

Index Terms — amplifier; noise; noise measurement; noise
parameters

|. INTRODUCTION

Accurately measuring the noise parameters of a low-
noise amplifier (LNA) can be a difficult task, replete with
opportunities for error. Redundancy of measurements
[1].[2] provides some degree of checking, in that a good
fit (i.e, small residuals) indicates consistency of the
measurements for the different  terminations.
Measurements of a passive device [3] can also provide a
check. Nonetheless, it would be helpful to have a way of
checking that exercises the same aspects of the
measurement method that enter into the measurement of
active devices. This paper suggests and demonstrates two
such tests.

We refer to one method as the “T-reverse” (Trey)
method. It consists of measuring the noise temperature at
theinput of the amplifier when the output of the amplifier
is terminated in a matched load [4]. This input noise
temperature, denoted T,e,, Can be expressed in terms of the
amplifier's noise parameters and scattering parameters,
and so the value from the direct measurement can be
compared to the value computed from the measured noise

"U.S. government work; not protected by U.S. copyright.

parameters and S-parameters. Since Tye, iS Not normally
used in the measurement of the noise parameters, this
comparison constitutes an independent check of the
measured noise parameters. The second method will be
called the isolator method. It consists of connecting an
isolator to the input of the amplifier and measuring the
noise parameters of the isolator-amplifier combination.
These noise parameters can be computed in terms of the
noise parameters and S-parameters of the amplifier alone
plus the S-parameters and physical temperature of the
isolator. Thus comparison of the computed and measured
values for the noise parameters of the isolator-amplifier
combination constitutes a test of the measured values of
the amplifier’ s noise parameters.

The next section presents the relationships between Tie,
and the amplifier's noise parameters and between the
amplifier's noise parameters and those of the amplifier-
isolator combination. Section 3 presents measurement
results implementing the two checks on a sample LNA
from 8 — 12 GHz. Conclusions are presented in Section 4.

Il. THEORY

Both tests are most conveniently expressed in terms of
the noise parameters in the wave formulation of the noise
matrix [5] referred to the input port [6,7]. Referring to
Fig. 1, we define
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Fig. 1.  Noise waves from amplifier.



where the bar indicates a time average, the asterisk
indicates complex conjugate, Sp; is a scattering parameter
of the amplifier, and c; and ¢, are the intrinsic noise waves
emerging from the two ports of the amplifier. The X
parameters or noise matrix elements can be related to the
traditional |EEE noise parameters[8], so that if one set has
been measured the other can be readily computed. The
relationship between the two sets of parameters is easily
obtained from the relationship between the noise matrix
and the |IEEE parameters [5]; the equations are given in
[6], and we do not reproduce them here. We assume that
the noise parameters X;, X,, and X;, have been measured
or determined from the measured IEEE parameters. The
particular form of the IEEE parameters that we use is
defined by
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where T, is the effective input noise temperature, G, is the
reflection coefficient of the input termination, and the four
noise parameters are Tnn, t, and the real and imaginary
parts of the optimal reflection coefficient Gyy.
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The first check is a measurement of the reverse noise
temperature, T,e, [4].  This is the noise temperature
measured at the amplifier input when the output is
terminated in a (nearly) reflectionless load, as indicated in
Fig. 2. Itisrelated toX; by
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where G, is the reflection coefficient at the input of the
amplifier in Fig. 2, and kg is Boltzmann's constant. Thus
ameasurement of T, constitutes a direct check of X;. In
terms of the |EEE parameters, T, isgiven by
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Fig.2.  Configuration for T,e,.
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Fig. 3.  Configuration for the isolator test.

The second test is to connect an isolator to the input of
the amplifier under test and to measure the noise
parameters of the amplifier-isolator combination. If we
denote the noise parameters of the amplifier-isolator
combination by X, X, and X;,% asin Fig. 3, they can be
expressed in terms of the X parameters of the amplifier
alone by
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where §; refers to an amplifier S-parameter, S} refersto
an isolator S-parameter, and T, is the noise temperature of
the isolator. For a good isolator (|Sl'2|, |Sl'l||82'2| al



small) and small amplifier ¥5,1%4 the expressions reduce
to the more manageable form,
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For the amplifier and isolator that we used in the

measurements, S, and S; are comparable in magnitude,
but T, is about ten times larger than X;,, and consequently
X12¢is given approximately by X;,'» - KgT, S; .

Thus a measurement of the noise parameters of the
amplifier with an isolator can serve as a check of our
ability to correctly measure the amplifier noise parameters
(and S-parameters). Note that T, for the isolator-
amplifier combination should be approximately equal to
the ambient noise temperature.

In principle, some other passive 2-port, such as an
attenuator, could be used instead of the isolator. Equation
(5) would still hold, although of course the approximations
of eg. (6) would no longer be valid. An advantage of
using an attenuator is that the X¢ parameters depend more
on the X parameters of the amplifier alone, whereas with
an isolator X;¢and X;,¢ are nearly independent of the
amplifier. Thus, anattenuator provides a better test of the
consistency of the measured noise parameters of the
particular amplifier under test. On the other hand, the
isolator-amplifier combination provides something akin to
a calculable standard, a device whose noise parameters
(except Xo@ are known (approximately) a priori from the
ambient temperature and the isolator S-parameters. The
isolated amplifier therefore provides an absolute test of the
ability to correctly measure the noise parameters.
Furthermore, with the (well matched) isolator one obtains
asmall value of X;,¢ which constitutes a more demanding
test. For these reasons, we chose an isolator rather than an
attenuator for thisfirst set of tests.

I1l. MEASUREMENTS

We measured the noise parameters of a sample LNA in
the 8 — 12 GHz band and have applied the tests outlined
above. For the noise measurements we used eight
different input terminations on the amplifier, measuring
the output noise temperature for each and determining the
four noise parameters and the gain by aleast-squaresfit to

the expression for the output noise temperature in terms of
the X's and the gain [7]. All the input terminations were
passive, at ambient temperature, except for a diode noise
source with noise temperature of approximately 1120 K.
Of the ambient terminations, one was a matched load, and
the other six were reflective terminations with different
phases. The reflection coefficients of all the input
terminations, as well as the S-parameters of the amplifier,
were measured on a vector network analyzer. The fits
were all very good, with the largest c® per degree of
freedom being 0.32.

Any meaningful comparison of measured and predicted
values requires uncertainty estimates of the quantities to
be compared. All uncertainties are expanded (k = 2)
uncertainties, corresponding to a confidence level of
approximately 95 %. All uncertainties are combined
uncertainties, including both type-A and type-B
uncertainties [9],[10]. The type-A uncertainties in the
noise-parameter measurements are the square roots of the
diagonal elements of the covariance matrix of the fitted
parameters. The type-B uncertainties in the noise-
parameter measurements were estimated using the Monte
Carlo program of [7],[11]. Uncertainties in predicted
values of the X¢ parameters were estimated in a
straightforward manner from eq. (6). Uncertainties in
measured noise temperatures were determined in the usual
manner for NIST noise-temperature measurements
[12[,[13]. The measured values for the noise parameters
of the amplifier, in both the X representation and in the
| EEE representation, are compiled in Table 1.

In al the results, the values of the X parameters have
been converted to temperatures by dividing by
Boltzmann's constant. The results of the T, test are
shown in Fig. 4. The values determined from eg. (3) and
the fitted noise parameter X; are referred to as the
predicted values, and the measured values are obtained
from a direct measurement of the configuration of Fig. 2.
The results of the isolator tests are shown in Figs. 5 — 8.
For the isolator tests, the measured values are those
obtained from the measurements of the noise parameters
of the amplifier with isolator, and the predicted values are
obtained from the measured noise parameters of the
amplifier alone by use of eq. (5). The agreement is good
to very good, with all cases being consistent within the
estimated uncertainties. Thus the comparisons test, and in
this case confirm, not only the noise-parameter
measurement  capability, but aso the associated
uncertainties.
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TABLE |
MEASURED VALUES OF THE NOISE PARAMETERS FOR THE AMPLIFIER ALONE.

8 GHz 9 GHz 10 GHz 11 GHz 12 GHz
X1(K) 64.5 67.7 68.6 70.4 80.3
X2(K) 110.0 115.7 117.6 124.6 134.4
ReX12(K) 9.45 -7.22 8.17 -10.23 14.3
ImX2(K) 20.21 -14.29 10.73 -14.26 18.9
(€3 2031 2047 1987 2121 1649
Tmin(K) 112.6 112.2 115.1 1234 1334
t(K) 128.3 234.2 145.8 223.9 209.8
ReGypt -0.172 0.130 -0.115 0.077 -0.006
I MGopt 0.101 -0.046 -0.003 -0.004 -0.069
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Fig.5.  Resultsof isolator test for X;¢ Fig. 7.  Results of isolator test for ReXy¢
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V. CONCLUSIONS

In summary, we proposed and demonstrated verification
tests for measurements of LNA noise parameters. Good
agreement was found in the sample measurements. The
tests require additional measurement effort, but they
constitute a valuable tool if high accuracy is a primary
concern. Animportant point to note isthat not only do the
tests provide assurance for the measurement results, but
they also provide support for the uncertainty estimates.
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